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Edited by Vladimir SkulachevAbstract Previous observations on the activation of the mito-
chondrial ATP-sensitive potassium channel (mitoKATP) by nitric
oxide (NO) in myocardial preconditioning were based on indirect
evidence. In this study, we have investigated the direct eﬀect of
NO on the rat cardiac mitoKATP after reconstitution of the inner
mitochondrial membranes into lipid bilayers. We found that the
mitoKATP was activated by exogenous NO donor S-nitroso-N-
acetyl penicillamine or PAPA NONOate. This activation was
inhibited by mitoKATP blockers 5-hydroxydecanoate or gliben-
clamide. Our observations conﬁrm that NO can directly activate
the cardiac mitoKATP, which may underlie its contribution to
myocardial preconditioning.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The mitochondrial ATP-sensitive K+ channel (mitoKATP)
was ﬁrst documented in the inner membrane of rat liver mito-
chondria [1] and its existence was corroborated in subsequent
studies by patch-clamping of the mitoplasts [2] or reconstitu-
tion in lipid bilayers [3,4]. Many pharmacological studies have
since shown that activation of the mitoKATP is critical in myo-
cardial preconditioning induced by ischemia or pharmacolog-
ical agents, mediated in part by generation of oxygen free
radicals [5]. Nitric oxide (NO) is implicated in cardioprotection
in both early and delayed preconditioning [6–9]. However, pre-
vious evidence of mitoKATP activation by NO was based upon
ﬂavoprotein ﬂuorescence measurements and pharmacological
inhibition [7–9], which was not speciﬁc to mitoKATP opening.
The direct eﬀect of NO on the cardiac mitoKATP single chan-
nels remains unknown. NO was shown to inhibit a purported
human mitoKATP channel in patch-clamped mitoplasts from a
human T-lymphocyte cell line [10].Abbreviations: mitoKATP, mitochondrial ATP-sensitive potassium
channel; NO, nitric oxide; IMM, inner mitochondrial membrane;
OMM, outer mitochondrial membrane; SNAP, S-nitroso-N-acetyl
penicillamine; PPN, PAPA NONOate; GLIB, glibenclamide; 5-HD, 5-
hydroxydecanoate; SMP, submitochondrial particles
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doi:10.1016/j.febslet.2007.07.071The aim of this study was to characterize the eﬀect of exo-
genous NO on single channels of cardiac mitoKATP. The direct
eﬀect was explored by reconstitution of the cardiac mitoKATP
channel in lipid bilayers, away from the cytosolic environment.2. Methods
2.1. Preparation of submitochondrial particles and reconstitution into
lipid bilayers
With the approval of Institutional Review Board, cardiac submito-
chondrial particles (SMP) were isolated from adult Wistar male rats
and reconstituted into the lipid bilayers as described previously [11].
The reconstitution medium contained 150 mM potassium glutamate,
1 mM EGTA, 1.004 mM CaCl2 (free Ca
2+ pCa 5), 20 lM uridine
diphosphate (UDP), 0.2 mM MgCl2 and 30 mM MOPS/Tris, pH 7.4.
UDP serves as a mitoKATP agonist [12]. In experiments with S-nitro-
so-N-acetyl penicillamine (SNAP), 50 lM K2ATP was used to mini-
mize rundown of the channels (instead of UDP). After successful
fusion, single channel currents were recorded at a holding potential
of 40 mV (trans/cis) via Axon DigiData 1332 (Axon Instruments)
with the pClamp software (version 9.0, Axon instruments). The cur-
rents were ﬁltered at 1 kHz with an eight-pole Bessel ﬁlter and digitized
at 2.5 kHz. Channel activities accumulated over 2-min intervals were
expressed as NPo as reported [3], using Origin 7.0 software (Microcal
Software; Northampton, MA).
2.2. Chemicals
The following drugs and chemicals were used: NO donor SNAP,
protease inhibitor cocktail, n-decane, MOPS, 5-hydoxydecanoate (5-
HD), glibenclamide (GLIB) and ATP (Sigma, St. Louis, MO); BSA
(Serologicals, Milwaukee, WI); L-a-phosphatidylethanolamine and L-
a-phosphatidylserine (Avanti Polar Lipids, Alabaster, AL). SNAP
was dissolved in DMSO before they were added to experimental solu-
tion. The ﬁnal concentration of DMSO was <0.1%. PAPA NONOate
(PPN) was from Cayman Chemical (Ann Arbor, MI). Both NO
donors were stable in their NO releasing activity within the duration
of observation (>20 min).
2.3. Statistical analysis
Data are presented as means ± S.E.M. Statistical analysis was per-
formed using one-way analysis of variance with Duncan’s range test
as the post hoc test. A value of P < 0.05 was considered signiﬁcant.3. Results
3.1. Eﬀects of NO on mitoKATP channels reconstituted in lipid
bilayers
To investigate the direct eﬀect of NO on the mitoKATP chan-
nels, we ﬁrst added NO donor PPN (200 lM) to the cis cham-
ber after fusion of mitoKATP into the lipid bilayers. Fig. 1A
shows the original tracing of the mitoKATP activities as wellblished by Elsevier B.V. All rights reserved.
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trol), a single channel with a peak current of 1.5 pA
(37.5 pS) at a holding potential of 40 mV (trans/cis, or
+40 mV by convention) was fully open. Three minutes after
PPN addition, a separate channel with similar conductance
opened. Both channels remained fully open for the next
6 min of observation. Occasionally, smaller conductance
(<20 pS) was also seen. These channels were then blocked by
GLIB (1 lM), conﬁrming their identity as mitoKATP channels.
The slope conductances of the observed single channels are
shown in Fig. 1B. The channel slope conductance was
increased from 39.8 pS at Control to 78 pS in response to
PPN at positive voltage. After application of GLIB, a residual
conductance of 14.8 pS remained (with no leak current sub-
traction).
The eﬀect of NO on the mitoKATP in lipid bilayers was also
observed with a separate NO donor, SNAP. As shown in
Fig. 2A, a single channel (60 pS) was open under baseline
condition (Control). Addition of SNAP (100 lM) to the cis
solution resulted in the activation of three additional channels
after 4 min, as illustrated in the corresponding histograms. The
activated channels were then completely blocked by 5-HD
(200 lM), thereby conﬁrming their identity as mitoKATP chan-
nels. Data from several experiments are summarized inFig. 1. Activation of the mitoKATP after reconstitution in lipid bilayers by
mitoKATP activities and their corresponding histograms at baseline (Control)
(GLIB) (1 lM). Holding potential 40 mV (trans/cis). Arrow indicates zero c
and after additions of PPN and GLIB. Representative of three determinatioFig. 2B. SNAP increased the NPo to over fourfold of the con-
trol value. MitoKATP blocker 5-HD completely reversed
SNAP-induced activation.
Next we investigated whether NO may activate ATP-inhib-
ited mitoKATP channels. Fig. 3A shows original recordings
of a cluster of mitoKATP channels, which were active at base-
line (Control). These channels were completely inhibited by the
addition of 0.5 mM ATP within 4 min. A subsequent applica-
tion of SNAP (100 lM) reactivated the channels with in-
creased peak currents from the Control. The K+ current was
then completely suppressed by 5-HD (200 lM), which was
lower than that seen at Control. Data from several experi-
ments are summarized in Fig. 3B. These eﬀects of NO on the
mitoKATP were similar to our previous observations of its acti-
vation by phorbol ester [4].
To explore whether NO exerted similar eﬀects on both
sides (matrix and cytosolic) of the mitoKATP, we also tested
the eﬀect of PPN on mitoKATP in the trans chamber. As shown
in Fig. 4, a single mitoKATP channel of 60 pS was seen open
at baseline (Control). Incubation with PPN (200 lM) in the
trans for 4 min activated another channel of 40 pS. Similar
observations were made in three other patches. Thus NO
appears to be equally eﬀective in activating the mitoKATP
channels from either cis or trans sides of the bilayer chamber.NO donor PAPA NONOate (PPN). Panel A: Original recording of
, after addition of PPN (100 lM) to the cis, followed by glibenclamide
urrent and channel closed. Panel B: Current–voltage (I–V) curve before
ns.
Fig. 2. Activation of the mitoKATP in lipid bilayers by NO donor
SNAP. Panel A: Original recordings of the mitoKATP openings in
bilayers with their corresponding histograms at baseline (Control),
after addition of SNAP to cis and after 5-HD. Arrow, channels closed.
Panel B: Summary of the eﬀect of SNAP on mitoKATP channels in
bilayers from 4 separate observations. Data are presented as mean ±
S.E.M. *P < 0.05 vs. Control and 5-HD.
Fig. 3. Eﬀect of exogenous NO on mitoKATP channels previously
inhibited by ATP. Panel A: Original recordings of the mitoKATP
channel openings are shown. At baseline (Control), a cluster of
mitoKATP channels were gating at a holding potential of 40 mV.
When ATP was raised in the cis chamber to 0.5 mM, the current was
completely suppressed. Addition of SNAP (100 lM) to cis reactivated
the K+ currents, exceeding that seen at Control. The current was then
completely suppressed by 5-HD (200 lM). Arrow indicates channels
closed. Panel B: Summary of the eﬀect of SNAP on ATP-inhibited
mitoKATP channels in bilayers from four separate experiments. Data
are presented as means ± S.E.M. *P < 0.05 vs. Control, #P < 0.05 vs.
ATP and 5-HD (n = 4).
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The present study investigated the eﬀect of NO on mitoKATP
reconstituted in lipid bilayers. These results demonstrated that
exogenous NO (administrated via nitric oxide donors PPN and
SNAP) increased openings of the reconstituted mitoKATP,
which were inhibited by mitoKATP blockers GLIB and 5-
HD. Our observations provide the ﬁrst direct evidence that
NO activates the cardiac mitoKATP channel, which may eﬃ-
ciently mediate preconditioning signals in myocardial protec-
tion against ischemia/reperfusion injury.4.1. NO, mitoKATP and myocardial protection
NO has been previously implicated in cytoprotection in the
heart [6–9], which was proposed to be mediated by its activa-
tion of the mitoKATP channels [8,9]. Sasaki et al [9] observed
Fig. 4. Eﬀect of NO on mitoKATP in lipid bilayers in the trans chamber. Original tracings of the mitoKATP openings and their corresponding
histograms were shown at baseline (Control) and after activation by PPN in trans. Representative of four observations.
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measured by oxidation of the mitochondrial ﬂavoprotein.
Since the alterations of the ﬂavoprotein ﬂuorescence reﬂect
an enhanced mitochondrial oxidation due to an uncoupling
eﬀect of increased K+ inﬂux, this method is not speciﬁc to
the opening of the mitoKATP. In the present study, we have
reconstituted the native mitoKATP into the artiﬁcial bilayers
and examined the eﬀect of NO on the channel without poten-
tial involvement of the cytosolic factors. Activation of the mi-
toKATP channels was observed with two diﬀerent NO donors,
added at either side (cis or trans) of the bilayers chambers. Our
observations suggest that NO may activate the mitoKATP from
the matrix side or its cytosolic (intermembraneous) side.
The orientation of the mitoKATP in bilayers remains contro-
versial.
It was observed in isolated mitochondria that activation of
the mitoKATP could be mediated by cyclic GMP/PKG-depen-
dent phosphorylation of unknown targets of the outer mito-
chondrial membrane [13]. However, the eﬀect of NO
observed in lipid bilayers was likely a direct eﬀect and not med-
iated by cGMP-dependent PKG for the following reasons: (a)
the mitoKATP was reconstituted in artiﬁcial bilayers, thus no
cytosolic factors such as PKG were present; and more impor-
tantly, (b) PKG-induced phosphorylation of the mitoKATP
channel was unlikely, because no ATP was present in PPN-in-
duced activation of the mitoKATP (Figs. 1 and 4). In the intact
myocytes, NO-induced myocardial protection could be medi-
ated both by its direct activation of the mitoKATP and the
cGMP-PKG-mediated pathway [13].
4.2. NO as a more eﬃcient candidate mediating preconditioning
signals across the mitochondrial outer membrane than
cytosolic kinases
Activation of the mitoKATP channel by PKC has been con-
sidered critical in cardiac preconditioning by ischemia [14,15].
In our previous investigations [4], we have postulated that, in
the intact cells, cytosolic kinases (such as PKG or PKC) areprobably too large to cross the outer mitochondrial membrane
(OMM) and regulate the mitoKATP embedded in the inner
mitochondrial membrane (IMM). NO generated from cyto-
solic NOS can diﬀuse easily across the mitochondrial OMM
and may thus serve as a more eﬃcient transducer of precondi-
tioning signals to targets inside the mitochondria than cyto-
solic kinases. On the other hand, NO may also exert its
eﬀect in myocardial protection by regulating the protein trans-
locase of the OMM (TOM) and of the IMM (TIM), via direct
eﬀect or through activation of cGMP-PKG [16,17] or other
unknown targets [13].
In summary, this study characterized the regulation of the
rat cardiac mitoKATP channel by exogenous NO. Our data
showed that the mitoKATP channel is directly activated by
NO. Thus, NO-mediated mitoKATP activation may serve as
an important trigger/mediator for myocardial preconditioning
induced by ischemia.Acknowledgements: The authors thank Ms. Betty Liu for technical
assistance. We thank Dr. Wai-Meng Kwok at the Medical College
of Wisconsin for reviewing the manuscript. Supported in part by
NIH (RO1 HL034708 and PO1 GM066730 to Z.J.B.), the Department
of Anesthesiology, Medical College of Wisconsin.References
[1] Inoue, I., Nagase, H., Kishi, K. and Higuti, T. (1991) ATP-
sensitive K+ channel in the mitochondrial inner membrane.
Nature 352, 244–247.
[2] Er, F., Michels, G., Gassanov, N., Rivero, F. and Hoppe, U.C.
(2004) Testosterone induces cytoprotection by activating atp-
sensitive k+ channels in the cardiac mitochondrial inner mem-
brane. Circulation 110, 3100–3107.
[3] Zhang, D.X., Chen, Y.F., Campbell, W.B., Zou, A.P., Gross, G.J.
and Li, P.L. (2001) Characteristics and superoxide-induced
activation of reconstituted myocardial mitochondrial ATP-sensi-
tive potassium channels. Circ. Res. 89, 1177–1183.
[4] Jiang, M.T., Ljubkovic, M., Nakae, Y., Shi, Y., Kwok, W.-M.,
Stowe, D.F. and Bosnjak, Z.J. (2006) Characterization of human
M. Ljubkovic et al. / FEBS Letters 581 (2007) 4255–4259 4259cardiac mitochondrial ATP-sensitive potassium channel and its
regulation by phorbol ester in vitro. Am. J. Physiol. Heart Circ.
Physiol. 290, H1770–H1776.
[5] Pain, T. et al. (2000) Opening of mitochondrial K(ATP) channels
triggers the preconditioned state by generating free radicals. Circ.
Res. 87, 460–466.
[6] Bolli, R., Bhatti, Z.A., Tang, X.L., Qiu, Y., Zhang, Q., Guo, Y.
and Jadoon, A.K. (1997) Evidence that late preconditioning
against myocardial stunning in conscious rabbits is triggered by
the generation of nitric oxide. Circ. Res. 81, 42–52.
[7] Ockaili, R., Emani, V.R., Okubo, S., Brown, M., Krottapalli, K.
and Kukreja, R.C. (1999) Opening of mitochondrial KATP
channel induces early and delayed cardioprotective eﬀect: role of
nitric oxide. Am. J. Physiol. 277, H2425–H2434.
[8] Lebuﬀe, G., Schumacker, P.T., Shao, Z.H., Anderson, T., Iwase,
H. and Vanden Hoek, T.L. (2003) ROS and NO trigger early
preconditioning: relationship to mitochondrial KATP channel.
Am. J. Physiol. Heart Circ. Physiol. 284, H299–H308.
[9] Sasaki, N., Sato, T., Ohler, A., O’Rourke, B. and Marban, E.
(2000) Activation of mitochondrial ATP-dependent potassium
channels by nitric oxide. Circulation 101, 439–445.
[10] Dahlem, Y.A., Horn, T.F., Buntinas, L., Gonoi, T., Wolf, G. and
Siemen, D. (2004) The human mitochondrial KATP channel is
modulated by calcium and nitric oxide: a patch-clamp approach.
Biochim. Biophys. Acta 1656, 46–56.
[11] Nakae, Y., Kwok, W.-M., Bosnjak, Z.J. and Jiang, M.T. (2003)
Isoﬂurane activates rat mitochondrial ATP-sensitive K+ channelsreconstituted in lipid bilayers. Am. J. Physiol. Heart Circ. Physiol.
284, H1865–H1871.
[12] Mironova, G.D., Negoda, A.E., Marinov, B.S., Paucek, P.,
Costa, A.D.T., Grigoriev, S.M., Skarga, Y.Y. and Garlid, K.D.
(2004) Functional distinctions between the mitochondrial ATP-
dependent K+ channel (mitoKATP) and its inward rectiﬁer
subunit (mitoKIR). J. Biol. Chem. 279, 32562–32568.
[13] Costa, A.D.T., Garlid, K.D., West, I.C., Lincoln, T.M., Downey,
J.M., Cohen, M.V. and Critz, S.D. (2005) Protein kinase G
transmits the cardioprotective signal from cytosol to mitochon-
dria. Circ. Res. 97, 329–336.
[14] Ping, P., Zhang, J., Qiu, Y., Tang, X.L., Manchikalapudi, S.,
Cao, X. and Bolli, R. (1997) Ischemic preconditioning induces
selective translocation of protein kinase C isoforms epsilon and
eta in the heart of conscious rabbits without subcellular redis-
tribution of total protein kinase C activity. Circ. Res. 81, 404–
414.
[15] Takashi, E., Wang, Y. and Ashraf, M. (1999) Activation of
mitochondrial K(ATP) channel elicits late preconditioning
against myocardial infarction via protein kinase C signaling
pathway. Circ. Res. 85, 1146–1153.
[16] Jiang, M.T., Ljubkovic, M. and Bosnjak, Z.J. (2004) Mitochon-
drial nitric oxide activates the TIM/TOM protein import channels
in cardiac mitochondria. Circulation 110, 401.
[17] Jiang, M.T., Ljubkovic, M., Shi, Y. and Bosnjak, Z.J. (2005)
Regulation of mitochondrial protein import channels by protein
kinases and phosphatases. Biophys. J. 88, 177A.
